ABSTRACT Narrowband Internet of Things (NB-IoT) is one of the most promising IoT technology to support the massive machine-type communication (mMTC) scenarios of the fifth generation mobile communication (5G). While the aim of this technology is to provide global coverage to the low-cost IoT devices distributed all over the globe, the vital role of satellites to complement and extend the terrestrial IoT network in remote or under-served areas has been recognized. In the context of having the global IoT networks, low earth (LEO) orbits would be beneficial due to their smaller propagation signal loss, which for the low complexity, low power, and cheap IoT devices is of utmost importance to close the link-budget. However, while this would lessen the problem of large delay and signal loss in the geostationary (GEO) orbit, it would come up with increased Doppler effects. In this paper, we propose an uplink scheduling technique for a LEO satellite-based mMTC-NB-IoT system, able to mitigate the level of the differential Doppler down to a value tolerable by the IoT devices. The performance of the proposed strategy is validated through numerical simulations and the achievable data rates of the considered scenario are shown, in order to emphasize the limitations of such systems coming from the presence of a satellite channel.
I. INTRODUCTION
In the last years, there has been an ever growing industrial and scientific interest in the Internet of Things (IoT) technology, motivated by the potential of these systems to satisfy important market segments through a very wide variety of use cases and applications with different Quality-ofService (QoS) requirements. Over time, IoT is expected to have a significant impact and play a key role in the global economic processes and the quality of every-day life [1] - [3] . Based on the nature of the deployed application, IoT can be segmented into massive and critical IoT, with very distinguishable network requirements [4] . Massive IoT consist of billions of devices spread throughout the globe able to generate and report information to the cloud on a regular basis, such as sensors in a smart home or smart city, monitoring devices in smart metering etc. These devices must be low cost and guarantee a very long battery life (up to 10 years) connected new standard will be considered in the foreseeable future [8] . To this aim, 3GPP has currently started a work item in the 5G core network to support LTE-M and NB-IoT radio access networks, to ensure a smooth transition of these technologies into 5G [9] . Both are also known as cellular IoT since they are part of a cellular network. Other appealing non-cellular IoT technologies worth mentioning here, for providing lowpower and long-range communications, are LoRa [10] and SigFox [11] . However, in the paper, we will only focus the study on the 5G cellular IoT.
The essential challenge of massive IoT networks, with regard to connectivity, is to ensure global and ubiquitous coverage to the IoT devices. Nevertheless, in various cases, these devices are distributed in remote areas (e.g. desert, ocean, forest, etc.) where the terrestrial network does not exist or it is too impractical/cost-ineffective to reach. Moreover, terrestrial networks are still, not capable of connecting the enormous number of IoT devices and terminals deployed all over the world. As a result, the role of the satellite to extend and complement the terrestrial IoT network is crucial and irreplaceable. Indeed, 3GPP started the new radio access network (RAN) activities related to Non-Terrestrial Networks, which aims to study the feasibility of integrating and deploying the satellite access into the 5G network [12] . In this preliminary work, two use cases were analyzed, mMTC and enhanced mobile broadband (eMBB), and the challenges of integrating a satellite access network with different orbital architecture, e.g. geostationary orbit (GEO), medium earth orbit (MEO) and low earth orbit (LEO) have been identified. In addition to the 3GPP standardization effort, many contributions in the literature address satellite-based mMTC networks. Authors in [13] , [14] study the key aspects and the role of the satellites in the 5G mMTC communications. Moreover, in [15] a new radio interface is proposed, suitable for MTC services over GEO satellites, while in [16] new random access schemes applicable to satellite networks for machine type traffic were treated. A survey on satellite-based wireless sensor networks, focusing on system architectures and scenarios using different orbits (GEO, MEO, LEO) can be found in [17] .
In the above context of having global IoT networks, LEO orbits would be beneficial due to their smaller delay and propagation signal loss, which for the low complexity, low power and cheap IoT devices is of utmost importance to close the link-budget, as shown in [18] - [21] . However, while this would lessen the problem of large delays in the GEO orbit, it would also result in an increased Doppler shift. This particular physical phenomenon arises as a result of the highspeed movement of the LEO satellite with respect to the users on Earth. The Doppler shift can be subdivided into two contributors: the mutual Doppler shift experienced at a reference point or user in the satellite spotbeam (e.g., the center of a spotbeam), and the differential Doppler shift resulting from the location variation of the users inside the spotbeam, communicating with the satellite at different elevation angle. Both problems have been identified in the 3GPP community [22] , as well as in the literature [23] . You You et al. [24] propose an adaptive Doppler compensation scheme using location information of a user terminal and satellite, along with a weighting factor for the reduction of prediction error. Moreover, in [25] and [26] GNSS based solutions for satellite position estimation and Doppler shift compensation in LTE/5G over a LEO mega-constellation are suggested. In the same way, in [27] a Doppler estimator is proposed, combining the predictable Doppler characterization of the circular LEO orbit with the structure of the cyclic prefix (CP) in orthogonal frequency division multiplexing (OFDM) systems. Other estimators that exploit the redundancy introduced in the CP for Doppler shift compensation of OFDM are presented in [28] and [29] and promising results in additive white Gaussian noise (AWGN) channels are shown. All the above-mentioned techniques are able to mitigate the mutual Doppler shift, if applied in the gateway, and the differential Doppler shift, if applied in the user side. Nevertheless, while at the gateway we have enough power to afford raised complexity of the algorithms, the same does not hold for the users. Indeed, adding extra algorithms at the user side for differential Doppler compensation means moving further away from the IoT vision of very cheap and low complexity devices. As a matter of fact, alternative solutions should be found to keep the same complexity of the users as in the terrestrial IoT network.
Extending the work in [31] , in this paper we come up with an uplink scheduling technique for a LEO satellitebased mMTC-NB-IoT system, able to mitigate the level of the differential Doppler down to a value tolerable by the IoT devices, as specified in the standard. The performance of the proposed strategy is validated through numerical simulations of an end-to-end NB-IoT over satellite communication system, focusing only on the uplink case. In addition, we go one step further and show the achievable data rates of the considered scenario, in order to stress out the boundaries and limitations of such systems coming from the presence of a satellite channel. The main contributions of this work relative to the recent literature in the field, are summarized as follows:
• The proposed technique does not increase the complexity at the user side, hence no modifications are needed for the NB-IoT devices. This assures seamless connectivity and service to the devices, regardless of the presence of a satellite or a terrestrial network, aligning with the aim of having an integrated satellite-terrestrial network.
• Even though the Doppler effects occur in the physical layer (PHY) of communication, we address the differential Doppler through a medium access control (MAC) layer approach.
• Despite tha fact that we formulate the problem and validate the techniques using a satellite-based NB-IoT system, the proposed techniques to reduce the differential Doppler shift are applicable to other 5G mMTC applications, such as LTE-M, with only small adaptations.
FIGURE 1.
Slot structure with (a) 15 kHz SCS for both DL and UL; (b) 3.75 kHz SCS only for UL [30] .
The remainder of this paper is organized as follows. Section II provides a brief overview of the user equipment (UE) procedures and the PHY channels involved in the uplink scheduling and time-frequency resource assignment in the NB-IoT. In Section III, the system architecture and the signal model are outlined. In Section IV the differential Doppler problem is formulated, followed by the proposed solution in section V. Section VI and VII yield the simulation results of our scenario, which validate the proposed solutions and evaluate the achievable data rates as a function of satellite elevation angle. Finally, Section VIII concludes the work and highlights the future work.
II. A BRIEF OVERVIEW OF UPLINK SCHEDULING IN NB-IOT
The main aim of this section is to explain the procedures and signaling involved in the uplink scheduling of users and timefrequency resource assignment. To this aim, the reader will be firstly introduced to a general description of the downlink and uplink resource structure and two main NB-IoT PHY channels, Narrowband Physical Downlink Control Channel (NPDCCH) and Narrowband Physical Uplink Shared Channel (NPUSCH). The former is responsible for carrying the necessary control information for scheduling, both downlink and uplink, while the latter carries the uplink data to be transmitted from the NB-IoT devices to the base station (eNB). The information provided in this section, will then be used to design the scheduler for NPUSCH channel and to test its performance over a satellite link in section VI. 
A. TIME-FREQUENCY RESOURCE STRUCTURE
In the downlink, orthogonal frequency division multiple access (OFDMA) is applied with a subcarrier spacing (SCS) of 15 kHz. One OFDM symbol contains 12 subcarriers occupying this way the whole NB-IoT bandwidth of 180 kHz. It is important to stress out here that this bandwidth corresponds to one physical resource block (PRB) of the LTE, in order to make NB-IoT operational in the LTE bandwidth. Based on where the NB-IoT carrier is placed in the LTE bandwidth, there are 3 modes of operation: in-band, guard-band and stand-alone. Seven consecutive OFDM symbols form one slot and by summing them up, the subframes and radio frames are formed in the same way as in LTE. The total duration of one slot corresponds to 0.5 ms and two consecutive slots form one subframe. In addition, 10 consecutive subframes compose a radio frame of 10 ms. In the uplink, single-carrier frequency division multiple access (SC-FDMA) signal is used. A discrete Fourier transform (DFT) is applied to the complex modulated data, before mapping them into subcarriers. These data can be binary phase shift keying (BPSK) or quadrature phase shift keying (QPSK) modulated depending on the PHY uplink channel. There exist two SCS options for the uplink transmission (15 kHz and 3.75 kHz), and the corresponding resource grid for each of them is shown in Figure 1 . NPUSCH channel carries both, data and control information coming from the UEs. The distinction between them is done by using two different formats. While format 1 is used for sending dedicated uplink data from the UE to the eNB, format 2 is used for signaling hybrid automatic repeat request (HARQ) acknowledgement for downlink data. NPUSCH supports single-tone transmission and multi-tone transmission. In the single-tone transmission, both SCS options can be used (3.75 or 15), whereas the multi-tone transmission (3, 6, 12 tones) uses SC-FDMA with 15 kHz SCS. Based on the number of tones used, the NPUSCH will have different resource unit representation in the time-frequency domain (refer to Table 1 ). Please note that the resource unit (RU) is the smallest schedulable element in the uplink transmission. As one can see, assigning fewer resources in the frequency domain (fewer subcarriers), will correspond to a longer transmission time interval (TTI) for the NPUSCH channel. In order to extend coverage and capacity, an important feature of NPUSCH is the support of different modulation and coding schemes (MCS) and time-domain repetition. Mapping different TBS size into a specific RU provides different Turbo code gains, which then will be able to support different coverage levels. The same holds for time-domain repetition of the channel. When the repetition is enabled, it helps to improve the coverage, since the same channel is sent more than once and consequently increasing the SNR. The available TBS sizes for NB-IoT corresponding to different MCS are summarized in Table 2 . For multi-tone transmission mode, only QPSK modulation is used and I TBS corresponds to MCS level. Whereas for single-tone transmission BPSK is used only for I TBS 0 and 2. It can be noted that for single-tone transmission, the two last MCS levels (11, 12) are not reachable [33] .
C. UE PROCEDURES FOR NPUSCH SCHEDULING
After reception of the NPDCCH with DCI format N0, the UE would have all the necessary information to schedule its NPUSCH containing the uplink data to send towards the eNB. Some of the most important parameters contained in the DCI are shown in Table 3 . Basically, these parameters will determine the time-frequency resources and transmission duration for each UE that has uplink data to transmit. There are 12 subcarriers in the frequency domain and 4 different scheduling delay options in the time domain. Specifically, the 2 bit I Delay field in the DCI format N0 signal determines the beginning of the NPUSCH transmission in subframe n + k 0 . In this case, n is the last subframe of NPDCCH and k 0 is the number of subframes the UE has to wait before starting the uplink transmission. This allows to the UE an ample NPDCCH channel decoding time. Furthermore, after reading the N RU and N Rep field of the DCI the UE will know how long the transmission will last. Regarding the frequency resources, the UE will be provided with the transmission mode (single or multi-tone) and with the subcarriers it should use to modulate the data, in the I SC field. Last but not least, apart from the time-frequency resources, information regarding the modulation order and MCS to use will be assured. This is realized by the I TBS field and I Q field (1 for BPSK and 2 for QPSK). Overall, the UE will have a corresponding NPUSCH transmission using NPUSCH format 1 in N consecutive NB-IoT UL slots according to the NPDCCH information where N = N Rep N RU N UL slots . Note that N UL slots depends on the number of tones used for transmission (see Table 1 ). After completing the NPUSCH transmission, the UE monitors NPDCCH to discover whether NPUSCH is received correctly by the eNB, or a retransmission is needed. Figure 2 shows an example of how different users can be scheduled in the same radio frame. To conclude, together with the MCS selection, uplink power control is also an important 
FIGURE 2.
Example of NPUSCH scheduling in 10 ms radio frame [35] .
aspect worth mentioning here. It controls the transmit power of the different NPUSCCH channels, based on the channel quality of the users. Since the channel quality indicator (CQI) reporting from the UE is not supported in NB-IoT, the scheduler relies on the ACK/NACK feedback which a UE provides, for power assignment in the uplink [34] .
III. OUR SYSTEM MODEL
In this section, we will describe the system architecture under consideration and provide the systems parameters and assumptions. Furthermore, the mathematical representation of the signal model will be given, for the downlink as well as for the uplink transmission.
A. ARCHITECTURE AND SYSTEM PARAMETERS
In our scenario, we consider a direct access network from the IoT devices (UE) to the base station (eNB), provided by the LEO satellite link. This architecture option is already identified in the 3GPP Technical Specification [12] , studying the NR to support non-terrestrial network (NTN). The targeted coverage area has a diameter D = 200 km where the UEs are placed (please refer to Figure 3 ). The amount of time the coverage area will be satisfied with service, depends on the altitude of the satellite, the minimum elevation angle of communication and the directivity of the antenna. The satellite we take into account is a LEO satellite with an altitude h = 1000 km and a minimum elevation angle of communication α min = 45 degrees. In addition, the following assumptions are made for our satellite-based NB-IoT system: i) the channel between the eNB and the satellite (feeder link) as ideal. This assumption is justified by the scope of the study, which focuses on the access link; ii) NB-IoT air interface based on Release 14 and 15 [32]- [34] in the user link; iii) a standalone NB-IoT deployment with a carrier frequency f c = 2 GHz; iv) the UEs are fixed on Earth and no mobility is foreseen for them. Please note that the selected carrier frequency is in line with standard specification for NTN networks [12] . Last but not least, we assume that the targeted area is isolated from the terrestrial coverage, hence no interference will be introduced in our system architecture under consideration.
The channel can be approximately modeled as additive white Gaussian noise channel by neglecting the multipath fading. This is due to the fact that we are considering a remote area to be covered, and having a perfect line of sight (LoS) transmission can be assumed. Therefore, the only component in our satellite link would be the LoS component impaired by a Doppler shift due to the movement of the satellite.
1) DOWNLINK TRANSMISSION
In the downlink, the transmitted baseband analog signal from the eNB to the UEs can be written as:
where a[n] depicts the symbols (data or pilots) carried by the n-th subcarrier, u T (t) is a rectangular window function, hence u T (t) = 1 for 0 ≤ t ≤ T . Please note that T = T s + T cp where T s is the symbol period and T cp is the cyclic prefix length. The parameter f s = 1/T s represents the subcarrier spacing. Finally, the received analog signal by the k-th UE after downconversion can be expressed as:
where ω k (t) is the additive white Gaussian noise, f dk (t) is the Doppler shift which has a dependency on time based VOLUME 7, 2019
on the position of the LEO satellite, h k (t) are the channel coefficients and s(t) is the transmitted analog baseband signal from the base station eNB. Please note that the Doppler shift can be written as f dk (t) = f dc (t) + f dk (t), where f dc (t) is the common part of Doppler shift experienced by all the UEs in the coverage area and is given by the Doppler curve of one of the users taken as reference, for example the one in the middle. f dk (t) is the differential part of the k-th UE which has a dependency on the relative position of UEs with respect to the reference user. From equation (1) and (2), and assuming that the frequency offset of the local oscillator is negligible, the received OFDM symbol of the k-th user of a frame transmitted at time [t , t + T ] after sampling at time t = lT s /N , FFT and equalization can be written in the discrete form as:
where l = 0, 1, . . . , N − 1 is the subcarrier index, N is the number of subcarriers assigned to the k-th UE (12 in the DL) and a l,k is the l-th modulated symbol (QPSK in DL) of the overall OFDM symbol for the k-th UE. It is worth highlighting that k = f dk /f s is the normalized Doppler shift with respect to subcarrier spacing. This parameter also drives the performance degradation in our scenario. Please note that the Doppler shift will also have a small variation during each OFDM symbol time. However this time is so small that we assume a constant f dk along [t , t + T ].
2) UPLINK TRANSMISSION
In the uplink, the transmitted signal by the k-th UE to the eNB will have the following form:
where b k [n] are the symbols mapped into subcarriers after applying DFT and N k is the number of subcarriers assigned for transmission for the k-th UE. As already described in the previous section, the number of subcarriers assigned for transmission can be 1 (single-tone), 3, 6 or 12 (multi-tone). Please note that SC-FDMA with single-tone is mathematically identical to OFDM, because the DFT step can be excluded. The received baseband signal at the eNB is given by the superposition of each signal from UEs:
where M is the number of UEs transmitting at a certain time.
It is worth highlighting here that M will have a dependency on the transmission mode used by the UEs (single-tone or multi-tone). For example, for a single-tone SC-FDMA transmission with 15 kHz SCS, there can be a maximum 12 UEs simultaneously transmitting. Again, like in the downlink case, assuming that the frequency offset of the local oscillator is negligible, the received SC-FDMA symbol of the uplink frame transmitted at time [t , t + T ] after sampling at time t = lT s /N , FFT and equalization can be written in the discrete form as:
where the total number of subcarriers N in this case can be 12 or 48 depending on the SCS used. Please note that with respect to the downlink transmission, here we will have the presence of a second term
k=0,k =l a k which characterizes the inter-carrier interference (ICI) coming from k-th symbols (BPSK or QPSK) modulated in the other subcarriers of the overall SC-FDMA symbol. In the downlink transmission, this term is zero, since the subcarriers are strictly orthogonal between them and the whole NB-IoT band is shifted in frequency. Whereas in the uplink transmission this does not hold, because of the presence of a differential Doppler between subcarriers. Due to the slotted structure of SC-FDMA, the subcarriers assigned to different users will arrive to the satellite with different Doppler shifts, negating the orthogonality in the final SC-FDMA signal.
IV. PROBLEM STATEMENT
Following the reasoning of the previous section, both Doppler shift and differential Doppler shift would have an impact in the received symbols at the UE or eNB side. In the literature, there exist methods and solutions to deal with the high Doppler shift over a LEO satellite as already emphasized in Section I. Assuming perfect estimation of Doppler shift at the gateway, using the techniques proposed in [25] - [29] , a frequency offset will be applied in the transmitted frequency, such that it will appear to have zero Doppler shift when it arrives to the desired UE placed on the coverage area. The same holds for the uplink case, where the frequency offset now will be applied to the received frequency. By doing so, the only contributor now to the performance degradation would be the ICI coming from differential Doppler part. Of course, if each individual UE can also estimate and precompensate its differential Doppler (as in the gateway) before transmitting the signal, the problem can be solved. However, this would raise significantly the complexity in the user side, since it would require a continuous estimation of the satellite position. Taking into account the IoT vision of very low cost and low complex devices, alternative solutions should be found. To this aim, it would be of high importance to firstly quantify the differential Doppler.
In our previous paper [31] , we came up with a closed-form expression of the differential Doppler under the coverage area (see equation (7) and (8), as shown at the bottom of the next page), where f is the carrier frequency, r E is the radius of Earth, r is the orbit radius of the satellite, w s is the angular velocity of the satellite in the ECI (Earth central inertial) frame and D is the diameter of the coverage area. For simplicity, we separated the analysis in two axes, x-axis which has the same direction with the movement of the satellite and y-axis which is the one perpendicular to it (please refer to Figure 4 and 5). It is possible to obtain the differential Doppler curves as a function of elevation angle of the satellite and time, by plugging in the system parameters of our scenario in (7) and (8) and perform numerical simulations. The simulation results are illustrated in Figure 6 and 7. Please note that the region of interest is from 45 to 135 degrees as this is the minimum elevation angle of communication in our scenario. Eventually, it can be observed that the differential Doppler shift achieves the peak values of approximately 8.5 kHz along x-axis and 0.075 kHz along y-axis.
In a terrestrial network, the differential Doppler shift occurs due to the mobility of the users on Earth. In fact, using 3GPP specification about mobile UEs, carrier frequency at 2 GHz, 15 kHz SCS and maximum speed of 500 km/h [36], it can be derived that the standard can support up to 950 Hz of Doppler shift among subcarriers. This means that the standard itself is able to mitigate a loss of orthogonality of up to 950 Hz. Returning the attention to our numerical results, it can be seen that the differential Doppler is much higher than the supported limit along x-axis. Whereas, along y-axis this value is notably lower with respect to the limit, hence we can consider it as negligible. As a consequence, the final received SC-FDMA signal at the eNB will be significantly distorted due to a large amount of overlap between subcarriers (up to 8.5 kHz), when terminals with large distance in the x-axis are scheduled in the same frame.
V. PROPOSED SOLUTION
In this paper, we come up with a technique to reduce the differential Doppler down to a value supported by the standard, which we calculated to be 950 Hz. Therefore, we propose re-grouping the UEs on the coverage area in such a way that the differential Doppler among users inside each group should be below the allowed threshold. Of course, the number of groups that we need will depend on the value of the differential Doppler at a certain time and elevation angle (see Figure 6 ). The smaller the differential Doppler, the larger groups we can create. However, considering the worst case scenario, having the peak of differential Doppler, it can be easily calculated that at D = 20 km the maximum differential Doppler along x-axis will be below the threshold of 950 Hz. Therefore, for the worst case, 10 groups of UEs will be needed as in Figure 8 . It is worth reminding that along the y-axis the differential Doppler is so low that smaller groups are not needed in this direction. By performing numerical simulations, we obtain the maximum differential Doppler curves for all the regions along the x-axis as in Figure 9 . It can be noted that now the peak values of differential Doppler in each group is approximately 880 Hz along the x-axis. Finally, the problem to be solved is how to schedule the uplink transmission to the created group of users.
A. GROUP SCHEDULING IN TIME (GS-T)
One way of scheduling the users and assigning appropriate resources is in the time domain. This implies that NB-IoT carrier is assigned for a certain amount of time to each group by the eNB. Thereby, the eNB will be capable of decoding correctly the symbols coming from users situated in the same group no matter how the subcarriers are allocated to the users, as the differential Doppler experienced will be under the desirable limit. Please note that SC-FDMA is still used in the uplink by the UEs inside a group. In addition, it is very important to emphasize that the eNB must know the position of all the UEs, for the purpose of user-grouping and a proper allocation of the resources. As no mobility is assumed for the UEs, it is possible to calibrate their location in the deployment phase of the devices in the coverage area. In the Attach Request Procedure, as described in [37] , the UEs will identify themselves in the network by sending their IMSI (International Mobile Subscriber Identity) or old GUTI (Globally Unique Temporary ID) and a map can be created which connects their ID with the location in the region. In all the other procedures and message exchanges, the UE will be identified in the network through this ID, hence its position in the coverage area will be known.
B. GROUP SCHEDULING IN FREQUENCY (GS-F)
Another possibility of assigning the uplink resources to the users is in the frequency domain. In other words, several NB-IoT carriers are needed, and not just one, for the uplink transmission, as in Figure 10 . Using secondary carriers in the NB-IoT uplink transmission is totally supported by the standard and specified in the Release 14 [38] . In such a case, we must assign adjacent NB-IoT carriers to adjacent groups, because the differential Doppler between adjacent groups is the smallest possible. It can be calculated that for the worst case scenario (maximum differential Doppler), we will need to create 20 groups. By doing so, we maintain the overlap under the requested limit, not only inside each NB-IoT carrier but also among adjacent carriers. The reason we need to double the number of regions, with respect to the GS-T case, is that now the maximum distance of two UE part of adjacent groups will be 40 km. Finally, we will need an uplink bandwidth of B = 20 * 180 kHz = 3, 6 MHz for GS-F. It is worth highlighting here that the above techniques have been already proposed in the previous work [31] , but with different names. We decided to change the names in this paper, since the previous ones were confusing and misleading for the reader. To conclude, the advantage of this scheduling approach is that the UEs placed in the coverage region will follow the same procedures and use the same technical specifications as in the terrestrial network, since the uplink scheduling and time-frequency resource assignment is done at the eNB (refer to Section II). In fact, it is the eNB which needs to continuously track and estimate the differential Doppler shift, and re-group the users accordingly. Based on the above considerations, the eNB schedules the users in the uplink through the information sent in the NPDCCH, in order to assure that at any time the resulting SC-FDMA waveform coming at the eNB, falls into the standard specification. The strong assumption behind this solution is the non-mobility of the NB-IoT devices, which for many monitoring IoT applications is reasonable.
VI. PERFORMANCE EVALUATION
The aim of this section is to validate the proposed scheduling techniques for our system architecture under consideration. To this aim, we implement in Matlab the PHY layer of an end-to-end NB-IoT over LEO satellite system, incorporating the technical specifications of NB-IoT standard [32]- [34] with the scheduling techniques, and evaluate the NPUSCH channel performance in terms of block error rate (BLER) versus signal to noise ratio (SNR). We use as a starting framework the already available NB-IoT Matlab toolbox [39] to simulate the NPUSCH uplink transmission. Since the toolbox is designed for a terrestrial NB-IoT network and a point to point communication, needed modifications are implemented in order to adapt it with our scenario. The obtained results are then compared with the case of a perfect synchronous communication link and with the case where the GS approach is not used.
A. SIMULATOR DESIGN
The block diagram of our simulator is shown in Figure 11 and the main parameters are listed in Table 4 . We consider a certain number of NB-IoT devices uniformly distributed in the coverage area that have data to transmit in the uplink through NPUSCH. The coding and SC-FDMA modulation follow the steps as described in the standard. We fix a singletone transmission mode for all the users, since it corresponds to the worst case scenario (highest ICI). In addition, we fix the TBS size to be the same for all the users (not realistic) to facilitate the scheduling part of the different NPUSCH channels. This does not impact our simulator because the focus is to show the performance gain of GS-T and GS-F. Overall, the following steps are performed for the BLER calculation:
• The resource grids populated with NPUSCH from different UE is generated. Each NPUSCH will occupy 1 subcarrier in the frequency domain and 16 uplink slots (8 ms TTI) in the time domain (refer to Table 1 ). This is the corresponding RE for single-tone operation. It can be noted that for GS-T, 12 users can be scheduled simultaneously, whereas for GS-F, 12(n + 1) users can be scheduled, where n is the number of secondary NB-IoT carriers. Each NPUSCH will contain the useful transmitted bits (TBS), generated randomly, and other redundancy bits added by the coder part. Since the time-frequency resources for each NPUSCH are fixed, as mentioned above, changing the TBS will change the coding rate. However, throughout this simulation, we keep the TBS = 72 bits fixed. Last but, not least, we make sure that each UE occupies different subcarriers in the frequency domain and the choice of the subcarrier is random.
• The baseband waveform for each UE is then created through SC-FDMA modulation.
• • The individual baseband waveforms are then summed up, though forming the final SC-FDMA waveform which now will be distorted due to the overlap among subcarriers and pass it through the AWGN channel.
• The receiver operations are performed and the corresponding NPUSCH coming from different UEs are decoded.
• The performance of the NPUSCH is finally determined by counting the number of erroneous TBS. We run the simulations in order to assure at least 100 erroneous blocks for each SNR value. Finally, we compare the obtained results with the case of a perfectly synchronous waveform. In fact, for such case, VOLUME 7, 2019 we just neglect the part where we apply the Doppler shifts among subcarriers which contain the NPUSCH channels, resulting in a perfectly orthogonal SC-FDMA waveform. 
B. SIMULATION RESULTS AND DISCUSSIONS
From the plotted results shown in Figure 12 and 13, it can be noted that the performance of the NPUSCH when we use GS-T is very close to the one where the waveform is perfectly synchronized. Without GS-T, the results demonstrate that we cannot have a reliable communication under the simulated SNR and the degradation of performance with respect to the perfectly synchronized waveform is huge.
On the other hand, using GS-F the performance is dependent on the secondary NB-IoT carriers that we use. The more secondary carriers we have, the more performance degradation the uplink transmission will experience. This is due to the band compression effect that will happen in our scenario ( Figure 14) . Even though by adding secondary carriers, we make sure that the differential Doppler remains under the supported limit, it will sum up and cause a shrink of the bandwidth, which the eNB is not aware of and cannot compensate the ICI coming from it. As a matter of fact, without modifying the receiver the eNB fails to decode and demodulate correctly the data when the number of secondary carriers is high. However, it is worth noting that by keeping the number of secondary carriers low, this effect will be relaxed and we can guarantee a reliable communication having a lower performance degradation with respect to the ideal case. 
VII. NPUSCH THROUGHPUT ANALYSIS
The aim of this section is to demonstrate the achievable throughput of our system architecture, in order to stress out the limitations coming from the satellite channel. The achievable throughput of the NPUSCH is directly dependent on the MCS and the transmission mode used (single/multi-tone). For example, it is well known that the peak NPUSCH data rate in the terrestrial NB-IoT standard is achieved at MCS level 12 (TBS = 1000 bits and N RU = 4), and it can easily calculated to be 250 kbps [40] . However, each MCS level will require a certain SNR in order to guarantee a specific BLER target. In this context, to make the throughput analysis we need the following: a) to analyze the SNR demand for each MCS level selection, and b) the link budget analysis of our satellite-based NB-IoT architecture in order to obtain the SNR as a function of satellite elevation angle. As a result, we repeat the simulations in the previous sections, but now using all the TBS available in Table 2 . Please note that in the remainder of the paper, we will use only the GS-T method, since it outperforms the GS-F, as already shown.
A. BLER VERSUS SNR USING GS-T WITH DIFFERENT MCS
Starting from Table 2 and considering the coder design of NB-IoT, it is possible to derive the NPUSCH code rates using the following formula as in [41] :
where 24 are the number of Cyclic Redundancy Checksum (CRC) bits, T sc is the total number subcarriers available for transmitting the transport block and n b is the number of bits per subcarrier. Please note that T sc depends on the number of tones used for transmission, whereas n b depends on the modulation order. The achieved code rate results shown in Table 5 match also with the derivations in [42] . Figure 15 and 17 demonstrate the simulation results for single-tone transmission and multi-tone transmissions respectively for different MCS levels. We obtain the BLER-SNR curves by repeating the simulations as in the previous section only for GS-T, using the block diagram in Figure 11 , 
FIGURE 18.
Step function for target BLER = 10 −1 .
target to BLER = 10 −1 , as specified in the standard for NPUSCH [43] , it is possible to build the step function (please refer to Figure 16 and 18), which shows the required SNR for each MCS level. Having obtained the above results, it is highly important now to assess the link budget that we have in our satellite-based NB-IoT scenario.
B. LINK BUDGET OF OUR NB-IOT-SAT ARCHITECTURE
To evaluate the link budget of our scenario, we use the System Tool Kit (STK) [44] . Through this software, it is possible to implement our NB-IoT over LEO satellite scenario under the predefined and assumed parameters as described in Section II. What we need to add are the parameters of the transmitting antenna (UE) and receiving antenna (satellite It is possible to obtain the results demonstrated in Figure 19 of the received SNR at the eNB as a function of elevation angle and time for different transmission modes. Please note that the obtained curves are only for the center of the coverage area. The same holds for any position in this area, with only a small shift in time. Since the UE antenna specifications are fixed by the standard, changing the satellite antenna model and parameters would result in different SNR curves. It can be noted that depending on the number of tones we use for transmission (1, 3, 6, 12) , the SNR at the receiver will change. This is quite straightforward and is due to the fact that the power of the NB-IoT devices is fixed. Using fewer tones for transmission means modulating the data in a smaller bandwidth. As a consequence, this would result in a higher SNR at the receiver side. At this point, by combining the results obtained here, with those of the previous subsection, it is possible to derive the achievable NPUSCH data rates as a function of elevation angle and time.
C. ACHIEVABLE NPUSCH DATA RATE FOR EACH USER AND FOR THE ENTIRE CELL
As we mentioned before, different MCS would result in different achievable NPUSCH data rates. For this calculation, we can use the following formula: Throughput = TBS/TTI , where TTI will depend on the number of tones used and the number of resource units N RU for scheduling the NPUSCH. For each MCS level, we choose the (I TBS , N RU ) couple which gives us the maximum data rate in that particular level. The results in Figure 20 show the achievable data rates as a function of the satellite elevation angle and time, derived from the MCS level selection under a specific SNR, by simply combining the results shown in Figure 16 ,18 and 19. It can be noted that for single-tone transmission we have enough SNR to close the link regardless of the elevation angle and use all the possible MCS. However, the lower the elevation angle, the lower the data rate, since we are constrained to use a lower MCS in such a case. On the other hand, in the case of multi-tone transmission, the link budget can be closed only for higher elevations angles and not all the MCS are reachable. Of course, this would have an impact in the timeduration the transmission is possible and in the maximum achievable data rates.By enabling repetition of the NPUSCH channel, as defined in the standard, the coverage can be enhanced, hence assuring a reliable communication even at lower SNR. However, the drawback of allowing NPUSCH repetition, is that we loose in terms of data rate since to send the same amount of bits, we will need more resources in time. The results when we enable repetition code as well, are illustrated in Figure 21 . Last but not least, it is worth deriving here the achievable cell data rate. Depending on the number of tones, the number of users that can transmit simultaneously will change. Basically, in 12-tone operation mode, only one UE can transmit data in the uplink, hence the achievable cell data rate corresponds to the user one. Whereas, for 1,3,6 tone of operation, the data rate will be 12,4,2 times higher respectively, as demonstrated in Figure 22 . It is worth noting that in our scenario, using single-tone transmission would be favourable because it demonstrates to be more spectrally efficient.
VIII. CONCLUSIONS
In this paper, we considered an NB-IoT over LEO satellite architecture, in order to extend the coverage of terrestrial NB-IoT in remote areas and satisfy its goal of ubiquitous global coverage. The problem of the differential Doppler shift is formulated, by assuming a perfect estimation and compensation at the gateway of the residual Doppler part, which is experienced by all the NB-IoT devices in the coverage area. In order to solve the differential Doppler problem, an uplink scheduling technique is proposed, able to mitigate the differential Doppler down to a value tolerable by the standard. In particular, by implementing GS-T and GS-F, we reduce the differential Doppler from 8.5 kHz down to 880 Hz. The performance of the proposed schemes is assessed through numerical simulations of the NPUSCH channel and compared with the case where the differential Doppler shift is not mitigated. The simulation results validate the proposed scheduling technique and demonstrate that the GS-T outperforms GS-F, since the later has a dependency on the number of secondary NB-IoT carriers used for transmission. In addition, the throughput analysis of the NPUSCH channel is shown, in order to highlight the boundaries and limitations coming from the presence of a satellite channel in such systems. In fact, in our scenario we demonstrate that using single tone-transmission mode is favourable because it results to be more spectrally efficient with respect to the multi-tone case. A multi-tone transmission is unable to reach the highest MCS levels, where the throughput is higher, since the required SNR for those MCS levels cannot be satisfied.
The advantage of the proposed scheduling technique relative to the recent literature in the field, is that it does not increase the complexity at the user side. Consequently, no modifications are needed for the NB-IoT devices, assuring a seamless connectivity and service regardless of the presence of a satellite or a terrestrial network, which aligns with the aim of having an integrated satellite-terrestrial network. Last but not least, even though we formulate the problem and validate the techniques using a satellite based NB-IoT system, the proposed techniques are applicable to other 5G mMTC applications, such as LTE-M, with only small adaptations. The reason behind that is due to the similarity in the PHY layer of all the 5G mMTC standards.
In the future work, we will evaluate the proposed scheduling technique under realistic IoT traffic. The aim will be to study the ability of the proposed technique to satisfy different traffic demands coming from IoT devices, in the case of a single LEO satellite and a constellation of LEO satellites. In addition, we will take into account the case where the users can move in the coverage area and alternative solutions should be found in order to make the proposed scheduling technique still feasible.
